Deficiencies of iron (Fe) and zinc (Zn) in afflict over three billion people worldwide, and deficiencies of these minerals in soil also limit crop production in one-third (Fe) and nearly half (Zn) of the world's total cereal growing area. Screening genetic resources for improving wheat grain Fe and Zn contents and efficiency can contribute to both human health and crop production. We evaluated 47 wheat-Aegilops disomic addition lines derived from 6 Aegilops species to identify the chromosomes carrying genes for high grain Fe and Zn concentrations. Addition lines with chromosomes 1S l and 2S l of Ae. longissima, 1S S and 2S S of Ae. searsii, 2U and 6U of Ae. umbellulata, B of Ae. caudata, 4S v of Ae. peregrina, and 5 M g of Ae. geniculata showed increased grain Fe or Zn concentration of between 50% and 248% compared with the recipient cultivar, Chinese Spring. Most of alien chromosomes addition lines with significantly higher grain Fe and/or Zn concentrations belonged to the U and S genotypes and homoeologous groups 1 and 2 chromosomes. These lines could be used for the precise introgression of genes into elite wheat cultivars to improve wheat micronutrient concentrations.
Introduction
Micronutrient malnutrition, particularly deficiencies in Fe and Zn, afflicts over three billion people worldwide, resulting in overall poor heath, anemia, increased morbidity and mortality rates, and reduced worker productivity (Bouis 2007 , Peleg et al. 2008 , Salim-Ur-Rehman et al. 2010 , Welch and Graham 2004 . It is a particular problem in developing countries, where most people rely on cereals as their staple food. One-third of the world's cereal growing area is deficient in Fe, and nearly half is deficient in Zn (Cakmak 2002 , Peleg et al. 2008 , Vose 1982 . The low availability of these minerals and poor uptake by plants in micronutrient-deficient soils result in severe yield losses and reduced contents in the grain, which does not provide enough Fe and Zn to meet human needs (Cakmak 2008a) . Therefore, the development of cereals with improved efficiency of uptake and better translocation of the micronutrients into the grain will both improve crop productivity and reduce micronutrient deficiencies in human populations (Cakmak 2008a , 2008b , Graham et al. 1999 .
Wheat is the major staple food crop in many parts of the word, contributing 28% of the world's edible dry mater production and up to 60% of daily energy intake in several de-veloping countries (Cakmak 2008a , FAO 2006 . Therefore, the composition and nutritional quality of the wheat grain have a significant impact on human health and well-being, especially in developing countries. However, most of the elite wheat cultivars have low grain Fe and Zn contents (Cakmak 2008a , Joshi et al. 2010 , Morgounov et al. 2007 ). Thus, breeding wheat cultivars with higher nutrient contents in the grain is a low-cost and sustainable strategy for alleviating micronutrient malnutrition.
However, genotypic variation in Fe and Zn contents in grain among wheat cultivars is relatively narrow and limits options for breeding wheat with high contents and bioavailability of Fe and Zn (Cakmak et al. 2004) . In contrast, the wild progenitors of wheat and related wild species have higher Fe and Zn contents in their grains than bread wheat and durum wheat, so these characters could be transferred into wheat cultivars (Cakmak et al. 1999a , Chhuneja et al. 2006 , Tiwari et al. 2008 .
Wheat relatives are widely used in wheat improvement. A number of genes for resistance to various diseases have been introgressed into wheat from related species through interspecific hybridization and chromosome engineering (Chen et al. 1995 , Colmer et al. 2006 , Zhang et al. 2009 ). Genes for high nitrogen and phosphorus efficiency in wheat relatives have been successfully introduced into wheat (Subbarao et al. 2007 , Wang et al. 2010 , so screening wheat relatives for genes controlling high grain Fe and Zn concentrations and introgressing these genes into cultivated wheat could improve grain Fe and Zn contents.
Some Aegilops species possess high grain micronutrient contents but low yields and small seeds. Ae. kotschyi and Ae. tauschii have high grain Fe and Zn contents (Chhuneja et al. 2006) . Tiwari et al. (2008) have developed T. turgidum-Ae. longissima amphiploids with high grain Fe and Zn content. Early generations derived from interspecific crosses between wheat and Ae. kotschyi had high Fe and Zn contents ), and substitution of chromosomes 2S and 7U of Ae. kotschyi into wheat enhances Fe and Zn contents (Tiwari et al. 2010) . However, research among Aegilops species is limited, and most relevant genes have not been located on specific chromosomes. This paper describes the evaluation of wheat-Aegilops addition lines for grain Fe and Zn concentrations, and relationship between the mineral concentrations and seed size or yield. Most of the alien chromosomes increasing grain Fe and Zn concentrations belong to homoeologous groups 1 and 2 of genomes S and U in Aegilops.
Materials and Methods

Plant materials
We tested 47 alien chromosome addition lines of wheat and their recipient (Triticum aestivum cv. Chinese Spring, abbrev. CS). These lines are maintained in the Tottori Alien Chromosome Bank of Wheat (TACBOW) under the support of the National BioResource Project-Wheat. The addition chromosomes in these lines are derived from 6 Aegilops species: Ae. caudata (3 lines), Ae. geniculata (10), Ae. longissima (12), Ae. peregrina (13), Ae. searsii (5) and Ae. umbellulata (4). Grains were harvested from plants that grew in the 2007-08 season in the field at Tottori University, Tottori, Japan. Mineral concentrations were measured, and addition lines that showed higher Zn and/or Fe concentrations than CS (>50%) were selected as high grain-Zn and/or Fe concentration lines.
As the grain mineral concentrations may be affected by conditions such as plant growth, soil minerals, and temperature at the seed filling stage (Joshi et al. 2010 , Morgounov et al. 2007 , Oury et al. 2006 , we retested the selected lines in the 2009-10 season.
Iron and zinc measurement
Whole grain was washed in 0.1 M HCl for 3-5 seconds and dried to constant weight in hot air (>50°C). Grain samples (~0.3 g, 10 kernels) were digested in nitric acid in a glass tube at 200°C on a hot stove, and H 2 O 2 (20 µL) was added 2-3 times during the digestion. When digestion was finished, only dry white residue was left. The residue was resolved with 10% nitric acid (v/v). Potassium (K), manganese (Mn), Fe, copper (Cu) and Zn concentrations were measured by inductively coupled plasma atomic emission spectroscopy (ICP-AES; Ciros CCD, Rigaku, Japan). Mineral concentrations were expressed as mg/kg dry weight. Three replications were performed. Zn or Fe accumulation per plant was calculated as grain yield (per plant) × mineral concentrations (grain). Seed size was performed by 10 kernels' weight.
Statistical analysis
Results are presented as means of three replications. Analysis of variance was performed with Statistical Analysis system (SAS v. 8.0) software. Means were compared by the least significant difference (LSD) test. Pearson's correlation coefficient was calculated in SAS to determine the correlations among variables.
Results
Variation in mineral concentrations in addition lines
The grain mineral concentrations varied considerably among the addition lines (Table 1 ). The introgression of alien chromosomes clearly influenced the concentrations. CS had low grain Fe (29.6 mg/kg) and Zn (20.5 mg/kg) concentrations. The grain Fe concentratons of the addition lines varied from 17.6 to 71.9 mg/kg, increasing from −40% to 143% compared with CS. Fifteen lines (32%) had significantly higher Fe concentrations and 18 lines (38%) had significantly lower Fe concentrations than CS. The grain Zn concentrations of the addition lines varied from 13.1 to 71.3 mg/kg, increasing from −36% to 248% compared with CS. Fourteen lines (30%) had significantly higher Zn concentrations and 10 lines (21%) had significantly lower Zn concentrations than CS.
The concentrations of K, Mn and Cu were also affected by introgression of the alien chromosomes (Table 1) . Compared with that of CS, the K concentrations increased from −64% to 33%; Cu from −71% to 123%; and, notably, all alien chromosome addition showed higher Mn concentrations than CS (9-251%).
Correlation among grain mineral concentrations and seed size
There was a weak negative correlation between seed size and grain K concentrations (r = −0.29, P < 0.05), but no correlation with grain Fe, Cu, Zn, or Mn concentrations (Table 2) . Thus, the increased grain Zn and Fe concentrations by introgression of alien chromosomes are not ascribe to the concentrated effects that arose from small seed size. There were significant correlations between Fe and Mn (r = 0.75, P < 0.01), between Fe and Zn (r = 0.66, P < 0.01), and between Cu and Zn concentrations (r = 0.61, P < 0.01).
Interaction between year and genotype-potential for breeding
Nine addition lines showed potential for breeding (Table 3) , i.e. Zn or Fe concentrations increased more than 50% relative to CS. Analysis of the effects of year, genotype, and their interaction showed that all effects were significant, indicating that the environment could affect the grain Zn and Fe concentrations. As these 9 lines had higher grain Fe or Zn concentrations than CS in both years, despite the effect of environment, introgression of the alien chromosomes was responsible for the stably higher grain Fe and Zn concentrations.
Correlation between grain Fe/Zn concentrations and grain yield, and variation in Fe/Zn accumulation
The grain yield showed a significant negative correlation with both grain Fe concentrations (r = −0.57, P < 0.01) and grain Zn concentrations (r = −0.79, P < 0.01; Fig. 1 ). However, some addition lines had higher grain Zn and Fe concentrations and similar yield compared with CS, and as a result, they showed higher Fe and Zn accumulation (Fig. 2) ; e.g., the line TA0202 showed 40% more grain Fe and Zn accumulation than CS. Thus, the increased grain Zn and Fe concentrations by introgression of alien chromosomes can be separated from effects of lower grain yield.
Discussion
Variation in grain mineral concentrations The narrow genetic variation in Fe and Zn concentrations of wheat has limited the breeding of wheat to enhance the Fe and Zn concentrations in grain. However, wheat relatives show wide genetic variation in these characters (Cakmak et al. 2004 , Tiwari et al. 2010 . In 47 alien chromosome addition lines derived from 6 species of Aegilops, we found 15 lines showing significantly higher grain Fe and 14 showing significantly higher grain Zn concentrations than CS (Table 1) . Lines with chromosome 2U or 6U of Ae. umbellulata, 1S l or 2S l of Ae. longissima, 1S s or 2S s of Ae. searsii, 4S v of Ae. peregrina, B of Ae. caudata and 5M g of Ae. geniculata showed 50% to 248% higher grain Fe or Zn concentrations than CS (Tables 1, 3) . These lines offer great potential for wheat breeding to enhance these mineral contents. Welch and Graham (2004) and Tiwari et al. (2008) reported strong correlations between the concentrations of grain Fe and grain Zn in studies using wheat cultivars and wheat related species. We found similar correlations between grain Zn and Fe, grain Zn and Cu, and grain Fe and Mn (Table 2) . Addition lines 0189 and 0202 had higher grain concentrations of Fe, Zn, Mn and Cu than CS. These results suggest that the presence of similar mechanisms for the uptake and translocation of those minerals in the addition lines. Many different transporters for the uptake of Fe, Mn, Cu and Zn have been indentified. Some of transporters are specific, but some transporters can uptake various ions, such as IRT1 (iron-regulated transporter 1), which encodes the major Fe transporter at the root surface. Over-expression of OsIRT1 lead to increased both Fe and Zn accumulation in rice (Lee and An 2009 ). In addition, some genes are not transporter, like Gpc-B1 (TtNAM-B1) gene, and can increase the Fe and Zn translocation from leaves to seeds, resulting in increased Fe and Zn accumulation in seeds (Uauy et al. 2006 , Waters et al. 2009 ). This association indicates that improvement of the concentration of one mineral can improve others as well.
Although Oury et al. (2006) and Tiwari et al. (2010) found negative correlations between seed size or yield and grain Fe or Zn concentrations; we found no correlation between seed size and grain Fe or Zn concentrations ( Table 2 ). The addition lines in this study have the same genetic background of CS, and thus this homogeneous state could avoid the effects of complex factors involved in not only the seed size but also to the feature of seed composition. Although, there were significant negative correlations between the grain Fe and Zn concentrations and grain yield (Fig. 1) , some addition lines had increased grain Fe or Zn concentrations without a loss of grain yield: line TA0202 with two times Zn concentrations and similar grain yield compared with CS (Table 3 ). In wheat, over 70% of uptake Fe or Zn r-values are followed by level of significant (* P = 0.05; ** P = 0.01; NS = not significant). Year ** ** Genotype ** ** Year × genotype ** ** *, ** Significantly greater than Chinese Spring: * P = 0.05; ** P = 0.01; NS = not significant.
can be translocated into seed (Garnett and Graham 2005) . In this study, the Zn and Fe accumulation in some addition lines (TA0202, 0049) are nearly two times as compare with CS, suggesting that the higher uptake ability is involved in these addition lines. Thus, these addition lines have more value in breeding higher Zn and Fe wheat. The data from the two growing seasons show that grain mineral concentration were enhanced regardless of the effect of year. Thus, grain Fe and Zn concentration are highly heritable characters that can be improved by the introduction of alien chromosomes.
Homoeologous groups with high grain Fe and Zn concentrations
Our result revealed that most of the addition chromosomes conferring high Fe or Zn concentrations belong to the modified S or U genomes. Cakmak et al. (1999b) suggested that Aegilops species, particularly Ae. speltoides (SS) and Ae. triuncialis (UUCC), can be exploited as important germplasm for Zn efficiency genes. Chhuneja et al. (2006) found that Ae. kotschyi (S) and Ae. tauschii (D) had higher grain Fe and Zn contents than cultivated wheat. Tiwari et al. (2008) found that Ae. longissima (S) possesses a better uptake mechanism and higher grain Fe and Zn contents than wheat. Rawat et al. (2009) proved that Ae. longissima (S l ), Ae. kotschyi (US), Ae. peregrina (US) and Ae. geniculata (UM) have higher grain Zn and Fe concentrations. These re-searches are in accordance with our results that there is great genetic variation in the grain Fe and Zn concentrations in Aegilops, especially in the S and U genomes.
Most of the chromosomes with significant effects on improving grain Zn and Fe concentrations belongs to homoeologous groups 1, 2, 5 and 6 of tribe Triticeae. In particular, all of the homoeologous groups 1 and 2 chromosomes gave higher grain Zn and Fe concentrations (Tables 1, 3) . Substitution of chromosome 2S or 7U of Ae. kotschyi for wheat chromosomes enhanced grain Fe and Zn contents concentration (Tiwari et al. 2010 ). In addition, using recombinant inbred lines (RILs) between T. boeoticum and T. monococcum, Tiwari et al. (2009) reported that major quantitative trait locus (QTLs) for grain Fe concentrations were located on linkage groups 2A and 7A. Likewise, using RILs between T. durum and T. dicoccoides, Peleg et al. Among remote wheat relatives, rye chromosomes 1R, 2R and 7R are suggested to carry genes controlling Zn and Fe efficiency . Schlegel et al. (1998) pointed out that chromosomes L1, L4 and L7 of Agropyron intermedium and chromosomes V2 and V7 of Haynaldia villosa have the effects on enhancing of Zn efficiency. In barley, genes that control grain Zn concentrations are located on chromosomes 2H and 5H (Lonergan et al. 2009 ). Distelfeld et al. (2007) , Uauy et al. (2006) and Waters et al. (2009) reported that the Gpc-B1 (TtNAM-B1) gene which are located on 6BS, are involved in more efficient remobilization of Zn and Fe from leaves to grain. The orthologous gene (Tt NAM-A1) are located on the 6AS, and the paralogous gene (Tt NAM-B2) are located on the chromosome arm 2BS. All of these reports support our finding that homoeologous groups 1, 2 and 6 of Triticeae carry major genes controlling high grain Fe and Zn concentrations.
Our results showed wide genetic diversity in 47 wheat-Aegilops alien chromosome addition lines on grain mineral concentrations. Most alien chromosomes that increased grain Fe or Zn concentrations belonged to genomes U and S and homoeologous groups 1 and 2. Lines with much higher concentrations will prove valuable for improving wheat micronutrient contents and could be exploited for biofortification of wheat.
